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terms of maximum vibration and the dominant vibration fre-
quency range, differed considerably. This study provides a 
more comprehensive and reasonable exploration of the mod-
eling and dynamic behavior of vehicle-ladder track systems.

Keywords Ladder track · Vehicle-track coupled 
dynamics · Vibration transmission characteristics · 
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1 Introduction

Urban rail transit is one of the largest public infrastructure 
projects in many cities, and will have profound impacts 
on urban development and the lives of citizens. In China, 
as of May 2023, a total of 54 cities in 31 provincial-level 
regions and the Xinjiang Production and Construction Corps 
have opened 292 urban rail transit lines, with an operat-
ing mileage of 9652.6 km. However, the issue of vibration 
caused by urban rail transit has become increasingly serious. 
Therefore, various vibration reduction measures have been 
used to protect sensitive areas along the lines from vibra-
tion impacts. Among them, the floating ladder track, devel-
oped by the Railway Technical Research Institute (RTRI) in 
Japan, has been widely applied in urban rail transit systems 
in recent years, such as the Nankai Main Line, the Airport 
Line between Izumisano and Rinku Town Stations, Beijing 
Subway Line 5, Shanghai Subway Line 2, and others [1, 2]. 
The ladder track consists of rails, fasteners, ladder-shaped 
sleepers, resilient pads, and a concrete track bed. Addition-
ally, the ladder sleeper is designed as a ladder configuration, 
comprising twin longitudinal prestressed concrete beams 
which are rigidly connected to transverse steel-pipe con-
nectors. Multiple theoretical analyses and engineering appli-
cations have demonstrated that the ladder track effectively 
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mitigates vibration and noise [3–5]. However, during later 
operation, it has been observed that although the ladder track 
provides certain isolation effects, issues such as increased 
vibration noise, rail corrugation, and fastener failure become 
prominent in certain sections [6–9].

The vibration of the vehicle–track interaction plays a 
crucial role in the occurrence of rail corrugation [10]. In 
order to elucidate the relationship between rail corrugation 
generation and vibration in the ladder track, researchers 
have conducted a series of in-depth studies. Xiao et al. [11] 
investigated the correlation between the occurrence of rail 
corrugation and vibration in the ladder track through field 
observations and numerical simulations obtained from the 
vehicle-track rigid-flexible coupling model. Li et al. [12] 
found that rail corrugation was related to the intrinsic vibra-
tion properties of the ladder track system considering partial 
elasticity and the train’s speed for different radius curves. Li 
et al. [13] conducted research on a 350-m curved ladder-type 
sleeper track, combining field measurements and numeri-
cal modeling. Their investigation highlighted the significant 
role played by lateral bending vibrations of the rail relative 
to the ladder-type sleepers in the development of rail cor-
rugation. Fan et al. [14] established a rigid vehicle-flexible 
ladder sleeper track model to investigate vehicle dynamic 
performance and stability index in both tangent and curved 
track sections. It is worth noting that, despite their compre-
hensive nature, these studies either did not fully account 
for the coupling between the track and vehicle or addressed 
partial flexibility in the coupling.

Existing research has also focused on specific aspects 
related to vibration mitigation in the ladder track in terms 
of numerical and experimental methods. Jin et al. [15] com-
pared the effects of three different layouts of resilient pads 
under the sleeper on the dynamic characteristics of the lad-
der track using a multi-input multi-output modal testing 
method. Yan et al. [16] examined the influences of fasten-
ing parameters and resilient pad parameters on the vibration 
in the ladder track using a vehicle track-coupled numerical 
model. Wang et al. [17] suggested a device in the ladder 
track to mitigate vibration and improve train operation sta-
bility. Optimization was achieved by governing the primary 
frequency range of rail vibration, the rail vibration ampli-
tude, and the total power transmitted to the foundation, aim-
ing to reduce the vibration issues caused by the ladder track 
[16, 18–20]. Despite these advancements, a comprehensive 
analysis of the ladder track’s systematic vibration transmis-
sion and dynamic response characteristics, including the 
influence of speed on system components and the correla-
tion between fastener force and vibration modes, remains 
relatively limited.

Additionally, some researchers have undertaken quali-
tative investigations into ladder track dynamics and key 
parameters under varying load conditions using analytical 

methods. For example, Mohammadzadeh et al. [21] exam-
ined the dynamic response of a ladder track subjected 
to periodic moving loads, employing an infinitely long 
Timoshenko beam on a random elastic foundation. Roger 
et al. [1] explored the free and forced vibration character-
istics of ladder track using a Bernoulli–Euler beam with 
infinite length under moving loads. While these qualitative 
studies have offered valuable insights, they have been limited 
in capturing the complex dynamic behavior of vehicle ladder 
track systems.

Consequently, this study seeks to establish a three-
dimensional flexible finite element (FE) model of the cou-
pled vehicle-ladder track system and both conducting sys-
tematic vibration transmission characteristics and dynamic 
response characteristics of the vehicle-ladder track system. 
This examination could also assist in tackling practical 
concerns, including insights into the system’s response to 
various operational conditions and the implementation of 
vibration control measures.

2  Numerical Model

2.1  Three‑Dimensional Coupled Dynamic FE Model 
of the Vehicle‑Ladder Track

The initial step involved conducting a frequency analysis 
to examine the vibration transmission characteristics. This 
analysis was performed using the FE wheelset-ladder track 
model. Subsequently, the wheelset-ladder track model was 
expanded to create a more comprehensive vehicle-ladder 
track model.

Since this study primarily focused on the vertical vibra-
tion behavior of the wheelset and track, the impact of motor 
position on vertical vibration was found to be negligible 
[22]. Therefore, no motor was installed on the wheelset. The 
LM wear-type tread was employed in accordance with the 
Chinese standard GB449-2016 [23]. The wheelset model 
was assumed to be elastic, isotropic, and homogeneous, 
and it was modeled using solid elements. The constraints 
of the primary suspensions were also indicated, as depicted 
in Fig. 1. To determine the wheelset’s vertical vibration 
receptance, a unit force Fz was applied to the wheels at the 
wheel-rail contact points A and B. Following that, the result-
ing vertical vibrations of the wheelset were calculated.

The ladder track model consisted of a pair of rails, fas-
teners, ladder sleepers, and resilient pads. It was once again 
assumed to be elastic, isotropic, and homogeneous. In the 
FE modeling, the rails and steel-pipe connectors were rep-
resented by Timoshenko beam elements, while the fasteners 
and resilient pads were modeled using spring-damper ele-
ments. The sleepers were simulated using solid elements, 
as illustrated in Fig. 2. In a similar manner, the receptance 
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function of the ladder track could be determined by apply-
ing a unit force at point A′, denoted as Fz′, in the opposite 
direction to Fz. The vertical vibrations of the track were then 
calculated. To couple the ladder track model and wheelset 
model, the vehicle-track contact was simplified as a linear 
relationship to facilitate calculations, and the contact stiff-
ness was set to 4.4 GN/m.

This flexible vehicle-ladder track model was expanded 
from the wheelset-ladder track model and included a sin-
gle wagon system consisting of four wheelsets, two bogies, 
and a car body, as illustrated in Fig. 3. It incorporated a 
primary suspension responsible for connecting the wheel-
sets to the bogie frame and a secondary suspension that 

coupled the bogie frame to the car body. The bogie and 
car body shared the same characteristics of being elastic, 
isotropic, and homogeneous, and they were both modeled 
using solid elements. In contrast, the primary and sec-
ondary suspensions were represented by spring-damper 
elements.

Detailed parameters for both the B-type metro train and 
ladder track can be found in Tables 1 and 2, respectively. 
For the purpose of comparative analysis, a vehicle-con-
ventional monolithic track coupling FE model was also 
established. The vehicle parameters and track component 
parameters were kept the same as those of the ladder track, 
while the only differentiation lies in the track structure.

Fig. 1  The FE wheelset model

Fig. 2  The FE ladder track 
model

Fig. 3  The flexible vehicle-
ladder track model
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2.2  Model Validation

To validate the model, the vibration acceleration transfer 
function of the rail was obtained numerically as shown in 
Fig. 4. It can be observed that the ladder track primarily 
affects the vibration characteristics of the rail within the fre-
quency range of 0–200 Hz. Peaks in vibration occur at fre-
quencies of 52 Hz, 134 Hz, and 190 Hz. In order to exclude 
the effect of other factors on the rail vibration, a comparison 
was made between the ladder track and the conventional 
monolithic track; see also in Fig. 4. One can observe that 

the vibration at 52 Hz and 134 Hz is solely induced by the 
ladder track.

Fig. 5 presents the results of the impact hammer test 
conducted on the ladder track at the experimental platform 
of Beijing Jiaotong University. The test utilized a Dytran 
5802A force hammer, ZonicBook/618E data acquisition 
system, LC0123 accelerometer (for the rail), and LC0108 
accelerometer (for the ladder sleeper). It can be observed 
that the frequency response function reaches a peak at 
134 Hz. In reference [13], field measurements and tests 
were conducted on the rail corrugation of a subway ladder 

Table 1  Parameters of B-type 
metro train

Category Parameter Value (unit)

Inertia parameters Vehicle body mass 21,920 kg
Axle weight 140 kN
Wheelset mass 1420 kg
Bogie frame mass 2550 kg

Geometry parameters Vehicle dimensions L×W×H 19 m×2.8 m×3.8 m
Bogie wheelbase 2.2 m
Vehicle bogie spacing 12.6 m
Lateral spacing of primary suspension (prim. susp.) 1.93 m
Lateral spacing of secondary suspension (sec. susp.) 1.85 m
Wheel diameter 0.84 m

Suspension parameters Vertical stiffness of the prim. susp. 1.7 MN/m
Lateral stiffness of the prim. susp. 10.4 MN/m
Vertical stiffness of the sec. susp. 0.275 MN/m
Lateral stiffness of the sec. susp. 0.3 MN/m
Vertical damping of the prim. susp. 5 kN·s/m
Vertical damping of the sec. susp. 30 kN·s/m
Lateral damping of the sec. susp. 30 kN·s/m

Material parameters Elastic modulus of the wheel and axle 206 GPa
Poisson’s ratio of the wheel and axle 0.257
Elastic modulus of the vehicle body and bogie 206 GPa
Poisson’s ratio of the vehicle body and bogie 0.3

Table 2  Parameters of ladder track

Parameters Value (unit)

Rail Rail type 60 kg/m
Elastic modulus 210 GPa
Poisson’s ratio 0.3

Fastener Stiffness 45 MN/m
Damping 10 kN s/m
Interval 0.6 m

Sleeper Elastic modulus 35 GPa
Density 2500 kg/m3

Poisson’s ratio 0.17
Resilient pad Stiffness 25 MN/m

Damping 10 kN s/m
Interval 1.2 m
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track. Based on the measured wavelength and train speed, 
the frequency of the rail corrugation was calculated to be 
138 Hz. The rail and sleeper displayed peak accelerations 
around 134 Hz and 132 Hz, respectively, as revealed by 
power spectral density measurements.

The numerical results including both frequency analy-
sis and time-domain analysis indicate that the dominant 
resonant frequency of the track is approximately 134 
Hz, which agrees well with the results obtained from the 
experiment platform and field measurements of the ladder 
track. Therefore, the comparison between the numerical 
simulation results and experimental data demonstrates the 
reliability and accuracy of the proposed model in captur-
ing the dynamic response and vibration properties of the 
ladder track.

3  Vertical Vibration Transmission Characteristics 
of the Vehicle‑Track Coupled System

To acquire an understanding of the vibrational responses 
of different wheelset-track components within the domi-
nant frequency range and the propagation of vibrations, 
an analysis of vibration transmission characteristics in the 
frequency domain was conducted. This analysis could also 
aid in addressing some practical issues, such as the mecha-
nisms behind rail corrugation generation, fastening fail-
ures at specific frequencies, and vibration control within 
a specific frequency range. Initially, the vertical vibration 
transmission characteristics were analyzed for the wheelset 
and ladder track individually. Subsequently, the vibration 
transmission characteristics of the vehicle-track coupled 
system were analyzed by introducing contact forces.

3.1  Analysis of Vertical Vibration Transmission 
Characteristics in the   Wheelset

An analysis was conducted on the vibration transfer proper-
ties of the wheelset within the frequency range of 0–1000 
Hz, and the vibration acceleration transfer function was 
obtained, as shown in Fig. 6.

It can be noted that minimal disparity exists in the verti-
cal vibration of the wheel and the axle within the frequency 
range of 0–50 Hz. The wheel exhibits vibration peaks at 
12 Hz, 82 Hz, 410 Hz, 492 Hz, and 800 Hz, while vibra-
tion valleys occur at 78 Hz, 337 Hz, 414 Hz, 556 Hz, and 
840 Hz. Both the axle end and axle midpoint exhibit vibra-
tion peaks at 12 Hz, 82 Hz, 400 Hz, and 800 Hz, with the 
axle end showing vibration valleys at 68 Hz, 390 Hz, and 
the axle midpoint showing valleys at 107 Hz and 477 Hz. 
From Fig. 6, it can be observed that there are six consecutive 
resonant frequencies and six consecutive anti-resonant fre-
quencies exhibited by the wheel across the frequency band 
of 0 to 1000 Hz, while the axle exhibits fewer resonances 
and anti-resonances compared to the wheel. The vibration 
modes of the wheelset at resonance and anti-resonance fre-
quencies were analyzed in detail, as shown in Figs. 7 and 8. 
In these and subsequent figures, the gray grid represents the 
undeformed configuration.

According to Fig. 7, the vibration modes of the wheelset 
at 12 Hz and 82 Hz are similar to those of a rigid body, where 
no elastic deformation occurs and only vertical motion takes 
place. At 400 Hz, the wheelset exhibits a specific vibration 
mode defined as M-mode. In this mode, the axle midpoint 
vibrates downwards, while the axle ends vibrate upwards. 
Simultaneously, the bottom of the wheel experiences lat-
eral inward vibration, while the upper part of the wheel 
undergoes minimal vibration deformation. At 410 Hz, the 
wheelset undergoes minimal vertical vibration deformation 

16 32 64 128 256 512 1024

10
-4

10
-3

10
-2

10
-1

  f
o 

n
oitc

n
uf refs

nar
T

 
n

oitarelecca 
n

oitar
bi

v  lacitre
v

(g
/N

)

Frequency(Hz)

 Rail

 Sleeper
134Hz

Fig. 5  Frequency–response function of the ladder track

1 10 100 1000

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

402

400

477107

390

68

840

556
414

337
78

800
410

492

82

s/
m( ec

nat
pecer 

n
oitar

bi
v lacitre

V
2

)
N/

Frequency (Hz)

 Wheel

 Axle end

 Axle midpoint

12

Fig. 6  The vertical vibration receptance of the wheelset



18 Urban Rail Transit (2024) 10:13–27

1 3

but experiences transverse stretching and shrinking vibra-
tions. At 492 Hz, the axle of the wheelset undergoes mini-
mal vibration deformation, while the wheel bends vertically. 
At 800 Hz, both axle midpoint and axle end vibrate either 
upwards or downwards, with the vibration amplitude being 
greater at the axle end compared to that of the axle midpoint, 
where the bottom and part of the wheel experiences lateral 
outward vibration, while the middle vibrates inwards.

According to Fig. 8, the vibration modes of the wheelset 
at anti-resonance frequencies were analyzed as follows:

At 78 Hz, the axle undergoes vertical bending vibration, 
and the wheel remains perpendicular to the axle throughout. 
At 337 Hz, both the axle ends and midpoint vibrate either 
upwards or downwards with similar amplitudes. The wheel 
undergoes bending vibration, with the vibration amplitude at 
the top of the wheel being larger than that at the bottom, And 
the alignment between the axle and the wheel deviates from 
perpendicular. At 402 Hz, the wheelset exhibits M-mode 
vibration, with the axle midpoint vibrating downwards, the 
axle ends vibrating upwards, and the bottom part of the 
wheel vibrating laterally towards the axle midpoint, while 
the wheel top experiences smaller vibrations relative to the 
bottom. At 414 Hz, the entire wheelset undergoes transverse 
stretching and shrinking vibration, and only the middle sec-
tion of the axle undergoes minor vertical vibrations. At 556 
Hz, the middle section of the axle undergoes minimal vibra-
tion deformation, axle ends vibrate upwards, and the wheel 
undergoes vertical bending vibration, with little difference in 
vibration amplitude between the upper and lower parts of the 
wheel. At 840 Hz, the vibration mode, known as W-mode 
vibration, is characterized by both the axle ends and the 
middle portion of the axle vibrating upwards, with the wheel 
demonstrating a lower vibration amplitude compared to the 
axle.

3.2  Analysis of Vertical Vibration Transmission 
Characteristics in the Ladder Track

In 2.2, it was observed that the ladder track exhibited vibra-
tion peaks at frequencies of 52 Hz, 88 Hz, and 134 Hz. 
Therefore, an analysis of the vibration modes at these fre-
quencies was conducted and compared with the conventional 
monolithic track, as shown in Fig. 9. Overall, the two track 
structures differ significantly at frequencies around 52 Hz, 
88 Hz, 134 Hz, and 190 Hz. However, the distinctions in 
vibration modes between the two tracks become less promi-
nent beyond the resonance frequency of 190 Hz. Therefore, 
it can be concluded that the impact of the ladder track on 
the vertical rail vibration is primarily concentrated within 
the frequency range of approximately 0–200 Hz. As dem-
onstrated in this study through field measurements or plat-
form experiments, it has been consistently observed that the 
third-order resonance frequency 134 Hz is the main factor 

Fig. 7  Vibration mode of the wheelset system under the resonant fre-
quency

Fig. 8  Vibration mode of the wheelset system under the anti-reso-
nant frequency
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leading to rail corrugation. Therefore, to mitigate corruga-
tion problems induced by this vibration, appropriate optimi-
zation metrics, such as the primary frequency range of rail 
vibration, can be chosen for further optimization analysis.

3.3  Analysis of Vertical Vibration Transmission 
Characteristics in the Coupled Vehicle‑Ladder 
Track System

In addition to analyzing the individual vibration characteris-
tics of the wheelset and the track, this study also investigated 
the vertical vibration transmission characteristics of the 
vehicle-ladder track system. By coupling the track and the 
vehicle together, contact springs were employed and excita-
tion at the vehicle-track contact points was applied, and the 
vibration responses at different frequencies were computed. 
The vertical vibration transmission characteristics are shown 
in Fig. 10.

Figure 10 reveals that the vehicle-track system exhibits 
consecutive six resonance frequencies (40 Hz, 78 Hz, 112 
Hz, 404 Hz, 488 Hz, 756 Hz) and four anti-resonance fre-
quencies (110 Hz, 320 Hz, 340 Hz, 518 Hz) within the range 
of 0–1000 Hz. The vibration modes at the resonance and 
anti-resonance frequencies of the vehicle-track system are 
shown in Figs. 10 and 11, respectively.

From Fig. 11, it can be observed that at 40 Hz, the wheel, 
axle, rail, and sleeper undergo the first resonance frequency. 
The vibration mode is characterized by downward bending 
of the axle, synchronized vibration of the wheel with the rail 
and sleeper in the same direction, and the wheel maintain-
ing its vertical position without significant deformation. At 
78 Hz, the vibration of the rail and sleeper is significantly 

smaller than that of the wheelset. The axle and track vibrate 
in the same direction, while the wheel vibrates in the oppo-
site direction relative to the track, with the wheel remaining 
vertical to the axle. At 112 Hz, the vibration characteristics 
of the rail and sleeper differ between the two wheelsets. The 
sleeper under one wheelset exhibits the opposite vibration 
direction compared to the vehicle-track system, while the 
sleeper under the other wheelset exhibits the same vibration 
direction. In other words, different wheelsets and track sec-
tions exhibit different vibrations. At 404 Hz, the vibration 

Fig. 9  Vibration mode of track under different frequencies
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primarily occurs in the wheelset system, with minimal 
vibration in the track system. The middle portion of the axle 
undergoes downward bending vibration, with the vibration 
amplitude at the axle ends being smaller. The contact por-
tion of the wheel with the rail experiences slight vibration. 
At 488 Hz, the axle does not vibrate significantly, while 
the wheel undergoes bending vibration and the rail exhib-
its noticeable vertical vibration. At 756 Hz, the axle ends 
and midpoint undergo downward vibration, and resonance 
occurs between the lower wheel and the track system, while 
the rail and sleeper between the two wheelsets experience 
resonance. Resonance frequencies in either the wheelset or 
the rail should be avoided during the design phase to prevent 
exacerbated vibration and noise issues, which can be highly 
destructive to urban rail transit systems.

According to Fig. 12, at 110 Hz, the vibrations of the two 
wheelsets are similar, but the vibration characteristics of the 
track differ. The rail and sleeper under the wheelset with 
a larger vibration amplitude exhibit anti-resonance, while 
those under the wheelset with a smaller amplitude exhibit 
resonance. The axle undergoes vertical bending vibration. At 
320 Hz, the wheel begins to undergo bending vibration, and 
the middle section of the axle and axle end simultaneously 
undergo downward or upward vibration. The wheel and the 
track system experience anti-resonance, while the vibration 
of the sleeper is relatively small. At 340 Hz, the vibration 
mode of the wheelset is similar to that at 320 Hz. The wheel 
resonates with the rail while exhibiting anti-resonance with 
the sleeper. At 518 Hz, the axle midpoint undergoes mini-
mal vibration, while the axle ends undergo slight upward 
vibration. The wheel undergoes bending vibration and reso-
nates with the rail while exhibiting anti-resonance with the 
sleeper.

The vibration modes at the vibration peaks are generally 
considered to represent typical vibrations within a frequency 
range; therefore, the vibration modes at different frequency 
ranges are depicted in Fig. 13 to gain a detailed understand-
ing of the typical vibration behavior.

In the frequency range of 70–78 Hz, the wheelset under-
goes bending vibration while remaining perpendicular to 
the axle. The vibration trend of the rail and ladder sleeper is 
consistent, but opposite to that of the wheel. In the frequency 
range of 78–170 Hz, the wheel and rail exhibit similar vibra-
tion modes. The vibration trend of the ladder sleeper and rail 

Fig. 12  Vibration mode of track/wheel at anti-resonant frequencies
Fig. 13  Vibration mode of the wheel and track of the vehicle-track 
coupling system under particular frequencies
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is opposite for the right-side wheelset, while it is consist-
ent for the left-side wheelset. Between the frequencies of 
290–402 Hz, the vibration behavior of the ladder sleeper 
shows an inverse relationship to that of the rail, albeit with 
smaller amplitude. The wheel and rail also exhibit opposite 
vibration trends. At the peak of the rail vibration, a ham-
mering effect occurs between the rail and the wheel. Con-
versely, the track exerts an upward pushing force on the rail 
at the lowest point of vibration. Under the combined action 
of the wheel and ladder sleeper, the rail is prone to plastic 
deformation. As the wheel directly contacts the rail, any mis-
match in their vibration trends leads to significant interaction 
and can lead to rail corrugation. In the frequency range of 
402–420 Hz, the wheelset primarily undergoes lateral expan-
sion and contraction without significant vertical vibration. 
This generates substantial lateral forces on the rail, increas-
ing the lateral fastener force. Based on the vibration modes 
and transfer characteristics at the resonant and anti-resonant 
frequencies of the wheelset, it is evident that the wheelset’s 
vibration within the range of 0–1000 Hz is much greater than 
that of the track. The phenomena of vehicle-track resonance 
and anti-resonance are particularly pronounced in the mid-
to-low-frequency range.

The vibration of the vehicle-track system not only affects 
the generation of rail corrugation but also has a significant 
impact on the fasteners. To analyze the relationship between 
the fasteners and vehicle-track vibration, the fastener force 
receptance was obtained and shown in Fig. 14. It can be 
observed that the fastener force reaches its peak around 40 
Hz, 110 Hz, 404 Hz, 488 Hz, and 75 6Hz. The maximum 
fastener force occurs around 110 Hz, consistent with the 
vibration modes of the rail and wheelset. At this frequency, 
the rail and sleeper exhibit opposite vibration, as shown in 
Fig. 12. Therefore, at the highest point of rail vibration, the 
ladder sleeper corresponds to its lowest point, resulting in 

a peak in fastener force. Although the vibration trend of the 
ladder sleeper-rail-wheelset is consistent around 756 Hz, the 
vibration amplitude in the rail is significantly larger than that 
of the ladder sleeper. This sudden increase in fastener force 
occurs at this frequency. The rapid fluctuation in long-term 
operation in fastener force can lead to fatigue failure of the 
fasteners, especially when the vehicle-track mismatch is pre-
sent. This phenomenon is in line with severe rail corrugation 
and fastener failure reported in the literature [22, 23].

Based on the analysis of vibration transmission char-
acteristics for individual wheelsets and tracks, the vertical 
vibration of the wheel and axle is similar in the range of the 
first 50 Hz. Within the range of the first 1000 Hz, the wheel 
experiences more resonances and anti-resonances compared 
to the axle, resulting in more complex vibration modes. At 
specific frequencies, the vibration mode of the wheelset may 
exhibit vertical rigid body vibration, M-shaped vibration, 
W-shaped vibration, or lateral contraction vibration. Com-
pared with the conventional monolithic track, the influence 
of the ladder track on the vertical vibration of the rail is 
mainly concentrated in the range of the first 200 Hz, with 
less significant influence beyond 200 Hz. In terms of the 
vibration transmission characteristic analysis for the vehicle-
ladder track system, the wheelset experiences significantly 
greater vibration compared to the ladder track within the first 
1000 Hz. Notably, the vehicle-track system shows more pro-
nounced resonance and anti-resonance phenomena within 
the medium- to low-frequency spectrum. At the frequency 
of 110 Hz, the motion of the rail is contrary to that of the 
sleeper, while at 756 Hz, although the motion of the sleeper 
is the same as that of the rail, the rail’s vibration amplitude 
is much larger than that of the sleeper. Both cases result 
in an increase in fastening force, and the rapid fluctuation 
in long-term operation in fastener force can lead to fatigue 
failure of the fasteners, especially when the vehicle-track 
mismatch is present.

4  Analysis of the Dynamic Response 
Characteristics of the Vehicle‑Ladder Track 
Coupling System

To comprehensively investigate the typical dynamic behav-
ior of the vehicle-ladder track-coupled system in actual oper-
ating conditions, the system’s dynamic performance from a 
time-domain perspective was examined first. Furthermore, 
Fourier transform analysis was utilized to compare the vari-
ations in characteristic frequencies. Additionally, the impact 
of typical train running speed on the dynamic response of 
the system was thoroughly analyzed.

Track irregularities are the main excitation source in 
urban rail vehicle-track systems and are typically expressed 
using power spectral density functions [23]. Due to the 
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relatively late start of research on track irregularity spectra 
in the urban rail field, there is still a lack of widely accepted 
standard track irregularity spectra. According to reference 
[24], the wavelengths of vertical track irregularities in the 
ladder track are mainly concentrated in the range of 1 to 80 
m. Considering the fixed wavelength of track irregularities 
due to the length of the ladder track and relevant studies on 
subway track spectra [24, 25], a random track irregularity 
spectrum is constructed, serving as the input excitation, as 
shown in Fig. 15.

Figure 16 shows the dynamic response curve of the vehi-
cle-track system at a speed of 36 km/h in the time domain 
and frequency domain. The sleeper exhibits significant 
vibration within specific frequency ranges: 72–107 Hz (with 
a peak at 78 Hz), 130–150 Hz (with a peak at 134 Hz), 
273–300 Hz (with a peak at 286 Hz), 350–450 Hz (with 
peaks at 380 Hz and 430 Hz), 540–635 Hz (with peaks at 
578 Hz and 625 Hz), 665–745 Hz (with peaks at 695 Hz 
and 735 Hz), and 770–790 Hz (with a peak at 780 Hz). 
The rail exhibits significant vibrations within the following 
frequency ranges: 405–470 Hz (with peaks at 420 Hz and 
432 Hz), 530–650 Hz (with a peak at 575 Hz), 600–680 Hz 
(with a peak at 666 Hz), 690–755 Hz (with peaks at 698 Hz 
and 730 Hz), and 770–820 Hz (with peaks at 782 Hz and 
796 Hz). The wheel experiences vibrations at peaks near 
274 Hz, 440 Hz, and 576 Hz, with its dominant vibrations 
occurring after 730 Hz. The vibrations of the axle end are 
concentrated in the following frequency ranges: around 78 
Hz, 275 Hz, 358 Hz, 440 Hz, 578 Hz, 780 Hz, and 890 Hz. 
The vibrations at the axle midpoint are larger than those at 
the axle end at peaks near 78 Hz, 358 Hz, and 890 Hz, while 
at other main frequency peaks, the vibrations at the axle end 
are larger than that at the axle midpoint.

Figure 17 shows the vibration deformation of the vehi-
cle-track system at the moment of maximum acceleration 

with an excitation speed of 36 km/h. In actual operation, the 
vibration deformation of the vehicle-track system exhibits 
similarities to the vibration modes observed in the vibra-
tion transmission characteristics of the vehicle-track sys-
tem. However, there may be slight differences due to the 
simultaneous excitation of the system by multiple frequency 
loads. Therefore, the vibration deformation of the vehicle-
track system at each moment is a combination of vibration 
modes at different frequencies, with the combined deforma-
tion resembling the vibration modes corresponding to the 
frequency ranges.

The influence of different speeds on the vibration char-
acteristics of the vehicle-track system was also considered 
by exciting the vehicle-track coupled model at speeds of 36 
km/h, 45 km/h, 60 km/h, and 72 km/h. This offers valuable 
insights into the system’s response to various operational 
conditions and aids in identifying critical areas susceptible 
to vibration-related issues. The vibration frequency domain 
of the sleeper, rail, wheel, and axle were compared, as shown 
in Figs. 18, 19, 20, 21, 22.

From Figure 18, it can be observed that changing the run-
ning speed has negligible influence on the dominant reso-
nance frequencies of the sleeper within the first 500 Hz. 
However, the vibration peaks increase with the speed, reach-
ing maximum values around 78 Hz. The vibration transmis-
sion characteristics analysis in 3.3 indicates that 78 Hz cor-
responds to the anti-resonance frequency of the wheelset and 
the rail/sleeper, and the vibration peaks also increase with 
the speed. The vertical vibration accelerations at different 
speeds all exhibit peaks in the range of 130–140 Hz, with 
similar vibration amplitudes. This suggests that controlling 
the running speed has little effect on controlling the vibra-
tion of the sleeper at this frequency range. Between 500 Hz 
and 850 Hz, the dominant vibration frequency range shows 
significant changes with varying speed. Increasing speed 
results in larger dominant vibration frequencies (except 
for a peak near 534 Hz at 72 km/h), but the effect of run-
ning speed on vibration peaks is not significant. Therefore, 
the running speed mainly affects the vibration peaks at the 
dominant frequencies within the range of the first 500 Hz 
for the ladder sleeper, while it affects the dominant vibration 
frequency range beyond 500 Hz.

Figure 19 reveals that with increasing speed, the domi-
nant vibration frequency range of the rail expands, but 
the vibration peaks show no significant changes with the 
increase in running speed. Therefore, for the ladder track, 
controlling the speed to regulate the vibration of the rail has 
an insignificant effect. These findings correspond with the 
results documented in the reference [26].

Figure 20 illustrates that within the first 400 Hz, the dom-
inant vibration frequency of the wheel occurs between 270 
Hz and 280 Hz. In this dominant frequency range, accelera-
tion in the vertical direction of the wheel remains relatively 
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Fig. 16  Dynamic response of the wheel/track at a speed of 36km/h
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unchanged with the increase in running speed. However, the 
vibration peaks at other dominant frequency ranges increase 
as the speed increases. Between 420 Hz and 510 Hz, both 
the dominant vibration frequency and its peak value increase 
with the speed. Overall, within the first 800 Hz, the vibration 
primarily occurs between 270 Hz and 280 Hz and between 
420 Hz and 510 Hz.

According to Fig. 21, at different speeds, the axle mid-
point consistently exhibits vibration peaks around 78 Hz, 
and these peaks increase in magnitude with the increase in 
speed. Between 200 Hz and 400 Hz, the dominant vibration 
frequency does not show significant changes with speed, 

but the vibration peaks increase as the speed increases. 
Beyond 400 Hz, the dominant vibration frequency increases 
with speed, but the vibration peaks do not show significant 
changes with the increase in speed.

According to Fig. 22, within the first 300 Hz, the domi-
nant vibration frequencies of the axle end occur around 78 
Hz and 284 Hz. Apart from the increasing vibration peaks 
with speed, the vibration frequencies do not show significant 
changes with speed. Beyond 300 Hz, the dominant vibra-
tion frequencies of the axle end increase with speed, but the 
vibration peaks do not show significant changes with speed.

The comparison of maximum vertical vibration accelera-
tions (MVVA) at different positions and speeds is presented 
in Fig. 23. It can be observed that MVVA for both the track 

Fig. 17  Vibration and deformation of the wheel/track at different 
instants of time at a speed of 36km/h
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and wheelset increases with speed. Specifically, the MVVA 
at the wheel and axle end is higher than that at the axle mid-
point, rail, and sleeper, while the MVVA at the sleeper is 
the lowest, and the axle midpoint exhibits an MVVA nearly 
identical to that of the rail. Moreover, as the speed increases, 
the relative rates of increase in MVVA compared to that at 
36 km/h are depicted in Fig. 23. It can be observed that the 
axle end and wheel exhibit the highest rate of increase, fol-
lowed by the axle midpoint, rail, and sleepers.

5  Conclusions

This study established a three-dimensional flexible FE 
model of the vehicle-ladder track system, investigating 

thorough vibration transmission characteristics and dynamic 
responses crucial for implementing effective mitigation strat-
egies. Based on the analysis, the following conclusions were 
derived:

1. The wheelset-track resonance and anti-resonance phe-
nomena were more prominent in the medium- to low-
frequency range. At specific frequencies, the wheelset 
exhibited various vibration modes, including vertical 
rigid body vibration, M-shaped vibration, W-shaped 
vibration, and lateral contraction vibration. In conjunc-
tion with the vibration modes of the wheelset-ladder 
system, an increase in fastening force could occur due 
to the relatively substantial vibrations of the rail and lad-
der sleeper, whether they were in opposing directions or 
in the same direction with significant amplitudes. This 
observation aligned with the documented instances of 
severe rail corrugation and fastener failures in the exist-
ing literature.

2. The research of the dynamic response of the coupled 
system revealed that the speed primarily affected (a) the 
vibration peak values below 500 Hz and the dominant 
frequency range beyond 500 Hz for the sleeper; (b) the 
dominant vibration frequency range of the rail; (c) the 
vibration peak values at the dominant vibration frequen-
cies below 400 Hz for the wheel (except for 270–280 
Hz), the dominant vibration frequency range and peak 
values within 420–510 Hz; (d) the vibration peak values 
within 400 Hz and the dominant vibration frequency 
beyond 400 Hz for axle midpoint; and (e) the dominant 
vibration frequencies after 300 Hz for the axle end.

3. The maximum vertical vibration acceleration of both 
the track and wheelset increased with speed, with the 
wheel experiencing the largest acceleration, the sleeper 
the lowest, and the axle midpoint almost identical to the 
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0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

10

20

30

40

50

60

70
 36Km/h

 45Km/h

 60Km/h

 72Km/h

 
n

oitarelecca 
n

oitar
bi

v lacitre
V

(
s/

m
2
)

Frequency (Hz)

78 Hz

284 Hz

Fig. 22  Comparison of vertical vibration acceleration at the axle end 
for different speeds in the frequency domain

40 50 60 70

0

50

100

150

200

250

300

+124.1%

+52.4%

+52.6% +94.7%

+259.6%

+121.1%

+271.2%

+146.9%
28.8%

+372.2%

+152.1%

+114.6%

+271.7%

100%

+146.7%

 
n

oitarelecca 
n

oitar
bi

v lacitre
V

(g
)

Speed (km/h)

 Sleeper

 Rail

 Wheel

 Axle midpoint 

 Axle end

+43.7%

Fig. 23  Comparison of the maximum vertical vibration acceleration 
at different locations for different speeds



26 Urban Rail Transit (2024) 10:13–27

1 3

rail. In terms of the increased rate of maximum vibration 
acceleration, the axle end and the wheel exhibited the 
highest rate of increase, followed by the axle midpoint, 
rail, and sleepers.

4. Although this study provides a comprehensive model to 
simulate the dynamic behavior of vehicle-ladder track 
systems, it does not address specific field-applicablecon-
trol measures for mitigating observed damage. There-
fore future research should develop practical strategies 
to address these issues.
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